ABSTRACT: This study evaluated potential effects of organic trace mineral supplementation on reproductive measures in lactating dairy cows. Cows were blocked by breed and randomly assigned at dry-off to receive inorganic trace mineral supplementation (control; n = 32) or to have a portion of supplemental inorganic Zn, Cu, Mn, and Co replaced with an equivalent amount of the organic forms of these minerals (treatment; n = 31). Trace minerals were provided through control or treatment premixes fed at 100 g·cow −1 ·d −1
INTRODUCTION
Dietary deficiencies of trace minerals have been reported to alter various aspects of reproductive physiology. In particular, Zn, Cu, Mn, and Co have important roles in many biological processes, including reproduction. Trace minerals bound to organic compounds are more readily absorbed from the digestive tract (Ashmead, 1993) and may be more biologically available compared with the inorganic salts of these minerals (Henry et al., 1992; Wedekind et al., 1992; Guo et al., 2001) . Thus, supplying dairy cows with organic forms of essential trace minerals may improve biological processes such as reproduction. Studies that supplied dairy cows with organic Zn, Cu, Mn, and Co have reported variable results. Ballantine et al. (2002) detected a tendency for increased first service conception rates, whereas Griffiths et al. (2007) detected no difference and Siciliano-Jones et al. (2008) demonstrated a tendency for a decrease. Interestingly, milk production was increased in all of these studies. In addition, Formigoni et al. (1993) observed an increase in cows pregnant at 80 d postcalving when fed organic minerals.
Our objective was to determine the effect of feeding organic Zn, Cu, Mn, and Co on early postcalving ovarian function as well as early embryo development to elucidate a mechanism for the improved indices of reproduction reported by Ballantine et al. (2002) and Formigoni et al. (1993) . In the current study, cows were supplemented with equivalent amounts of trace minerals to assess the effect of supplementing organic vs. inorganic trace minerals on reproductive measures as well as lactation performance. Our hypothesis was that replacing a portion of supplemented inorganic Zn, Cu, Mn, and Co with organic forms of these minerals would increase milk production and improve reproduction as determined by an earlier postpartum return to cyclicity, increased circulating progesterone concentrations, and improved embryo quality.
MATERIALS AND METHODS
This experiment was conducted from February 2007 to December 2007 using cows in the University of Wisconsin-Madison dairy herd. All procedures were approved by the Animal Care and Use Committee for the College of Agriculture and Life Sciences of the University of Wisconsin-Madison.
Cows
Lactating primiparous and multiparous Holstein (n = 53) and Holstein/Jersey crossbred (3/4 Holstein, 1/4 Jersey; n = 10) cows were blocked by breed. At lactation dry-off (~60 d before calving), cows within blocks were assigned to 1 of 2 treatments. All cows received treatments for no less than 40 d before calving and were dry for no more than 90 d. During the dry period, cows were housed in a communal pen but were fed experimental dietary supplements using a computerized feeder, as detailed below. After calving, cows were housed in individual tie stalls at the Emmons Blaine Dairy Cattle Research Center, located in Arlington, WI, until approximately 30 d in milk (DIM) . At this point, cows were moved to individual tie stalls at the Dairy Cattle Instruction and Research Center, located in Madison, WI, where they remained until completion of the experiment.
Feeding
Two treatments were compared in this experiment: control (inorganic trace mineral supplement) and treatment (partial organic trace mineral supplement). Dry cows were group-fed a total mixed ration (TMR) containing corn silage, alfalfa silage, straw, and concentrates. Lactating cows were individually fed a TMR containing corn silage, alfalfa silage, alfalfa hay, and concentrates. Ingredient composition of control and treatment TMR are presented in Table 1 . Trace minerals were provided through control or treatment premixes (Vita Plus, Madison, WI) fed at 100 g·cow −1 ·d −1 (Table 2) . Diets (both control and treatment) for both dry and lactating cows contained supplemental Zn, Mn, and Cu at 75, 65, and 15 mg/kg (DM basis), respectively. Cobalt was formulated for 2.1 and 1.1 mg/kg (DM basis) in dry and lactating cow diets respectively, for both control and treatment cows. Zinc, Mn, and Cu sulfates and Co carbonate were used in the control premix. For treatment, 14 g·cow −1 ·d −1 of 4-Plex (Zinpro Corp., Eden Prairie, MN) was fed through the premix to provide the following percentages of supplemented Zn, Mn, Cu, and Co as organic complexes (Zn-methionine, Mn-methionine, Cu-lysine, and Co-glucoheptanate, respectively): dry cows: Zn (40%), Mn (26%), Cu (70%), and Co (100%); lactating cows: Zn (22%), Mn (14%), Cu (40%), and Co (100%). Diets were formulated to contain 0.3, 1.3, and 5.5 mg/kg (DM basis) supplemental Se, I, and Fe, respectively, for both lactating and dry control and treatment cows. Minerals (control and treatment) were fed to dry cows (range = 40 to 72 d before calving) in 1.8 kg·cow −1 ·d −1 concentrate pellets (Vita Plus) consisting of 43.9% dry ground shelled corn, 43.9% wheat middlings, 7.0% trial premix, and 5.1% dry molasses on a DM basis through a computer feeder (Boumatic, Madison, WI) and to lactating cows (range = 69 to 116 d after calving) in the TMR. The computer feeder was programmed to dispense the appropriate treatment at a slow rate and to stop dispensing should a cow leave the feeder to ensure minimal residual if a cow vacated the feeder before consuming all her pellets. Side gates were installed to prevent cows from forcing each other from the feeder before all dispensed feed was consumed. Daily reports were generated by the computer feeder so that feed consumption by individual cows could be monitored to verify that cows were receiving their assigned treatment before calving. Feed samples (corn silage, alfalfa silage, grain mixes, and straw) were taken weekly and dried for 48 h in a forced-air 60°C oven. Each sample type was composited over a 2-mo period. Samples were ground to pass a 2-mm Wiley Laboratory Mill Model 4 screen (Thomas Scientific, Swedesboro, NJ). Samples were sent to Dairyland Laboratories Inc. (Arcadia, WI) for analysis of ash (ashing at 600°C for 2 h), CP (AOAC, 1995) , and NDF using α-amylase and sodium sulfite (Van Soest et al., 1991) . Treated and control pellets and premixes were sampled monthly, composited over a 2-mo period, and sent to the University of Wisconsin-Madison's Soil and Plant Analysis Laboratory for elemental analysis using inductively coupled plasma (ICP) optical emission spectrometry (Soil & Plant Analysis Laboratory, 2005b) . Diets were adjusted weekly using the 60°C DM values to correct for moisture variation in the silages. The nutrient composition of feed ingredients fed to dry and lactating cows is presented in Tables 3 and 4 , respectively. Calculated dietary concentrations of the 4 trace minerals studied are presented in Table 5 .
DMI, Milk Production, Health Events, BW, and BCS
Dry cows were group-fed, and, DMI was not recorded. For lactating cows, refusals were recorded daily to provide a measure of DMI. At the Arlington and Madison facilities, cows were milked twice daily. Milk weights were recorded daily and averaged by week for statistical analysis, and milk component data were taken from the monthly Dairy Herd Information Association test results. Due to rectal injury, 1 control cow was removed from the study at 69 DIM. Her DMI and milk data were included through wk 10. All other animals remained on the study through wk 13 (control = 31, treatment = 31). At wk 14, 7 control and 6 treatment cows had completed 3 synchronizations (see below) and were removed from the experiment, leaving 24 control and 25 treatment cows remaining on the study for this time point. Health events were recorded with individual electronic cow cards using Dairy Comp 305 (Valley Ag Software, Tulare, CA). This was done to characterize the cows and verify that there were no gross differences in health events that may have affected results due to treatments, rather than provide statistically based conclusions of treatment effect on health measures. All cows were weighed immediately after calving and monthly thereafter and were assigned a BCS by a single evaluator at dry-off, calving, and monthly thereafter.
Blood Sampling and Ovarian Ultrasonography
Blood samples (8 mL) were collected from the coccygeal vein or artery into evacuated tubes (Vacutainer, Becton, Dickinson and Co., Franklin Lakes, NJ) 1 and 2 wk before expected calving. After calving, blood samples (8 mL) were collected thrice weekly (Monday, Wednesday, Friday). Beginning 6 to 8 d after calving, ovarian structures were determined using transrectal ultrasonography (Aloka 500-V with a 7.5 MHz lineararray transducer, Corometrics Medical Systems, Wallingford, CT) thrice weekly (Monday, Wednesday, Friday). Images were frozen when structures were visible at their maximal size. The diameter of the structures was determined by taking the mean of 2 measurements taken at right angles. All structures were mapped and drawn for later analysis. Both blood sampling and ovar- ian ultrasonography continued until cows completed the study.
Hormonal Synchronization, Scanning, and AI
At 50 to 56 DIM, an intravaginal progesterone device (CIDR, Eazi-Breed CIDR, Pharmacia & Upjohn Co., Kalamazoo, MI) was inserted, and an injection of GnRH (100 μg, Cystorelin, Merial Limited, Iselin, NJ) was administered. Seven days later, at ~1430 h, the CIDR device was removed, PGF 2α (25 mg, Lutalyse, Pfizer Animal Health, New York, NY) was administered, and a pressure-activated estrus mount detector (Kamar; Kamar Inc., Steamboat Springs, CO) was applied to the tail head. A second injection of PGF 2α was administered the next morning to ensure regression of the corpus luteum (CL). Cows were observed for estrus at each milking by herd personnel, and mount detectors were evaluated by study personnel daily. Estrus was determined by visual observation of standing behavior or an activated Kamar device or both. All cows detected in estrus were inseminated within 24 h at ~1430 h. Cows not detected in estrus by 72 h after PGF 2α administration, as well as cows that had displayed estrus but had not ovulated by 72 h, were given a second injection of GnRH. All cows, excluding those that had been previously inseminated and had ovulated, were inseminated at this time. Immediately before insemination, ovaries were evaluated using transrectal ultrasonography to determine sizes of CL and follicles ≥5 mm present on their ovaries. Rectal temperature was also recorded.
Cows were inseminated using a single AI straw that contained a mixture of sperm from 4 high-fertility bulls selected for high non-return rates (ABS Global, De Forest, WI). Ovarian structures were assessed using transrectal ultrasonography 96 h after the injection. Rectal temperatures of cows that had not ovulated were recorded; these cows were reinseminated and their ovaries were reassessed within 114 to 120 h after PGF 2α to determine whether ovulation had occurred. Cows failing to ovulate at this point were not reinseminated, but their ovaries were re-evaluated again at 144 h. Any cow that had not ovulated by 144 h after the PGF 2α injection was resynchronized for AI, using the previously described synchronization protocol (CIDR, GnRH, and PGF 2α ), and was monitored to determine estrus, ovarian structures, and temperature. Ovulation was defined as the day on which an ovulatory follicle that had been visualized using ultrasound within the preceding 24 h was no longer present. A CL may or may not have been detectable on the day of ovulation. For Co analysis, 0.3 mg/kg was the detection limit of the method used. For feed ingredients in which all samples were below detection limits, <0.3 mg/kg is reported. However, if a feed ingredient had samples that were both above and below detection limits, those samples below the limit were reported as the half-way point between 0 and 0.3 (0.15) mg/kg to calculate a mean and SD. For Co analysis, 0.3 mg/kg was the detection limit of the method used. For feed ingredients in which all samples were below detection limits, <0.3 mg/kg is reported. However, if a feed ingredient had samples that were both above and below detection limits, those samples below the limit were reported as the half-way point between 0 and 0.3 (0.15) mg/kg to calculate a mean and SD.
Embryo Flushing
Six days after ovulation, cows were flushed using a standard nonsurgical flushing technique (Elsden et al., 1976; Rowe et al., 1976) , except that the entire uterine horn was flushed with 1 L of fluid similar to the procedure described for Exp. 2 in Sartori et al. (2002) . The horn ipsilateral to the CL was flushed in cows that had a single ovulation and cows that had multiple ovulations on the same ovary. For cows that had ovulations on both ovaries, each uterine horn was flushed separately, each with 1 L of fluid. All flushings were performed by 1 of 3 technicians.
Flushing media consisted of sterile Lactated Ringer's Injection Solution, USP (Abbott Laboratories, Chicago, IL) + 0.3% BSA (Fraction V, Sigma, St. Louis, MO) and 10 mL per liter of flushing solution of an antibiotic cocktail containing 10,000 units/mL and 10 mg/mL of penicillin and streptomycin, respectively (Sigma). Entities were collected in Miniflush embryo collection filters (Minitube of America Inc., Verona, WI), graded according to the International Embryo Transfer Society standards, and then placed in 4% paraformaldehyde (Sigma) and stored at 4°C for later staining and analysis. After flushing, cows were given an injection of PGF 2α 6 to 8 d after ovulation at approximately 1430 h and a Kamar was applied, followed by a second injection of PGF 2α the next morning. Cows were watched for estrus, had transrectal ultrasound, and received GnRH and AI, as described previously, so that each cow was synchronized and flushed 3 times except as indicated: due to illness, injury, impassable cervix, or failure to synchronize, 3 control cows were not flushed, 1 treated cow was flushed once, and 3 control cows and 1 treated cow were flushed twice. All other cows (n = 55) were flushed 3 times. Thus a total of 174 uterine flushings were done in this study with recovery of 91 total unfertilized oocytes (UFO) or embryos. Some cows (9 of the inseminations) were not detected in standing estrus and yet had ovulated before the GnRH injection administered 72 h after the PGF 2α injection. These cows were inseminated at 72 h after PGF 2α , but were not given GnRH and were flushed 6 d after AI. If a fertilized entity was recovered (n = 4), the data were used for both recovery analysis and analysis of embryo quality, accessory sperm number, and cell number. If a UFO was recovered (n = 1), it was used in analysis of entity recovery and recovery based on CL number, but was not used in analysis of embryo quality, accessory sperm number, or cell number.
Tissue Collection
Tissue samples were taken of the CL, endometrium, and liver for mineral analysis. The CL and endometrial samples were collected at the time of the final flush. Liver samples were collected the next day.
Corpus Luteum. Immediately after flushing, biopsies of the CL were taken before collection of endometrial tissue. This was done in an attempt to minimize any possible effects of PGF 2α secretion induced by excessive manipulation of the uterus. Samples were collected intravaginally via rectal manipulation of the ovary, similar to the method described by Kot et al. (1999) , and the position of the biopsy needle (US Biopsy, Division of Promex Technologies, LLC, Franklin, IN) was determined by vaginal ultrasonography as described earlier.
Several biopsies of the CL were performed to assure collection of a minimum of 50 μg of tissue. Samples were immediately snap-frozen in liquid N in sterile, 0.6 mL, RNase/DNase-free microcentrifuge tubes (Axygen Inc., Union City, CA), transported to the laboratory on dry ice, and stored at −80°C until analyzed.
Endometrium. Endometrial samples were collected with the use of an equine uterine biopsy tool (Jorgensen Laboratories Inc., Loveland, CO) inserted into the uterus via the cervix. After positioning the tool, the sample was cut from the uterus by opening and closing the tool head while the uterus was forced into the sample collection area via rectal manipulation. Depending on the size of the initial biopsy, a second or third sample may have been collected to obtain a minimum of 50 μg of tissue. Samples were processed as described for the CL samples.
Liver. A minimum of 50 μg of liver tissue was collected via a percutaneous biopsy procedure (Vazquez-Añon et al., 1994) , using approximately 12 mL of Lidocaine Hydrochloride Injectable-2% (Phoenix Pharmaceutical Inc., St. Joseph, MO) as a local anesthetic. Tissue sam- ples were rinsed with sterile Milli-Q water (ddH 2 O) to remove excess blood, then immediately snap frozen as described previously and stored in 2.0-mL cryogenic vials (Corning Inc., Corning, NY). Similar to the other tissue types, samples were transported to the laboratory on dry ice and stored at −80°C until analyzed.
Progesterone RIA
Blood samples were allowed to clot at room temperature, centrifuged at 1,600 × g for 20 min at 4°C, and serum was stored at −20°C until analyzed for progesterone. Nonextracted serum samples were analyzed using an antibody-coated-tube RIA kit (Coat-A-Count, Diagnostic Products Corporation, Los Angeles, CA) as described by Garbarino et al. (2004) . The sensitivity of the assay was 0.1 ng/mL. Inter-and intraassay CV were 8.0 and 1.8%, respectively.
Embryo Staining and Evaluation
Preserved embryos were stained using Hoescht 33342 dye (Sigma). An initial stock solution was created with a concentration of 10 mg/mL in ddH 2 O and stored at 4°C until the day of staining. At the time of staining, 1 μL of this stock solution was added to each 1 mL of a PBS-polyvinylpyrrolidone (PVP; Sigma) stock consisting of 1 mg/mL PVP in PBS for a final concentration of 10 μg/mL. Embryos were incubated in this final mixture for 15 min, after which they were washed 3 times for 2 min each in the stock PBS-PVP solution without Hoescht. After washing, embryos were placed on a slide in 2 to 3 μL of carry-over PBS-PVP, and covered with a drop of 2.5% 1,4-diazabicyclo[2.2.2]octane (DABCO; Sigma) in a glycerol-based solution containing 90% glycerol, 5% 1 M Tris pH 8.0, and 5% ddH 2 O based on volume. A coverslip was then placed over the DABCO droplet containing the embryo. Embryos were viewed with epifluorescence microscopy using a Zeiss microscope filter set at 365 nm excitation and 445 nm emission (Carl Zeiss Inc., Thornwood, NY) to determine both cell number and accessory sperm number. Both of these endpoints were evaluated at least twice for each embryo, and the average of the different counts was used in the analysis. 
Tissue Mineral Analysis
types were analyzed on a wet-weight basis. Results are reported on a milligram per kilogram basis.
Statistical Analyses
For discussion, a P-value less than 0.05 was considered significant, a P-value equal to or greater than 0.05 but less than 0.1 was considered a tendency, and a P-value equal to or greater than 0.1 was considered not significant. The MIXED procedure (SAS Inst. Inc., Cary, NC) with repeated measures using the KenwardRoger method for degrees of freedom as recommended by SAS was used to analyze DMI, milk production, milk components, BW, and BCS. For DMI and milk production, treatment, week, breed, month, and parity were used as fixed variables, whereas cow was used as a random variable. Analysis of milk component data was similar with treatment, period, breed, month, and parity as fixed variables and cow as a random variable. Individual somatic cell count values were log (base 10) transformed before analysis to normalize data. Likewise for BW and BCS, treatment, time, breed, month, and parity were used as fixed variables, with cow as a random variable. The MIXED procedure of SAS was used to compare tissue mineral concentrations using a model that included the effects of treatment, breed, month, and parity. For tissue mineral concentrations, any value outside 3 interquartile range (IQR) lengths beyond the IQR was considered an outlier and was removed before analysis, as per recommendations from SAS. In all cases, outliers removed from analysis constituted less than 7.5% of total samples.
Fisher's exact test was used for binomial variables including health data, proportion of cows anovulatory at 50 DIM, ovulation rate, number of cows that did not synchronize, cows with no embryo recovery, cows with uterine infections, number of infected flushes, number of flushes with recovery, recovery based on CL number, number of fertilized entities recovered, number of flushes with at least 1 viable embryo recovered, and number of viable embryos. The Kruskal-Wallis 2-sample test was used to analyze empirical skewed distributions including embryo quality, stage, nuclei number, accessory sperm number, and all ovarian measures except cows anovulatory at 50 DIM and ovulation rate as mentioned above. For analysis of treatment effect on embryo quality, embryo stage, nuclei number per embryo, accessory sperm per entity, and accessory sperm per embryo, all entities collected from a single cow were averaged to produce a single value. For analysis of nuclei per embryo and accessory sperm per embryo based on grading, individual entity values were used. To analyze the size of the ovulatory follicle at the time of AI, the MIXED procedure of SAS with repeated measures was used. In the event that a cow had more than one ovulatory follicle present at the time of AI, the follicle sizes were averaged to produce a single value. For all analyses in which the effect of rectal temperature was analyzed, only those embryos for which a rectal temperature was obtained were utilized. For these data, Fisher's exact test was used to analyze number of fertilized entities and number of viable embryos; the Kruskal-Wallis 2-sample test was used to analyze embryo quality, embryo stage, nuclei number, and accessory sperm number. In all analyses of effect of temperature on embryo quality, individual entity data were used.
RESULTS AND DISCUSSION
Studies that supplied dairy cows with organic Co, Cu, Mn, and Zn have reported variable results. For instance, Ballantine et al. (2002) detected a tendency for increased first-service conception rates, Griffiths et al. (2007) reported no difference, and Siciliano-Jones et al. (2008) detected a tendency for decreased rates. Interestingly, milk production was increased in all of these studies. In addition, several studies have suggested that organic trace minerals improve various indices of reproduction including an increase in the percentage of cows pregnant at 150 DIM (Nocek et al., 2006; DeFrain et al., 2009 ), a reduction in days open and services per conception (Kellogg et al., 2003) , and a decrease in days to first postpartum estrus (Campbell et al., 1999) . Although first-service conception rates were not analyzed, Formigoni et al. (1993) observed a significant increase in cows pregnant at 80 d postcalving when fed organic minerals; milk production was not increased in this latter study.
Based on previous research by Ballantine et al. (2002) and Formigoni et al. (1993) showing a tendency for increased conception rates and increased number of cows pregnant at 80 DIM, respectively, we hypothesized that replacing a portion of supplemented inorganic minerals with organic minerals would improve postpartum ovarian function and early embryo quality and that such effects could potentially explain the positive reproductive performance that was observed by these previous researchers. We further hypothesized that such treatment would increase milk production.
Milk Production and Composition
Overall milk production was not affected by treatment; however, when analyzed by week (Figure 1) , treatment tended to increase milk production at wk 13 (42.2 ± 1.3 vs. 39.8 ± 1.3; P = 0.089) and increased milk production at wk 14 (42.4 ± 1.3 vs. 39.4 ± 1.4 kg; P = 0.047) of lactation. There are several previous studies on the effect of organic trace minerals on milk production. Several studies (Ballantine et al., 2002; Nocek et al., 2006; Griffiths et al., 2007; Siciliano-Jones et al., 2008) reported a positive effect on milk yield by supplementing cows with organic trace minerals, whereas others (Campbell et al., 1999; Uchida et al., 2001) reported no differences between treatments. Two other studies were performed in which only inorganic Zn, Mn, and Cu were replaced by organic substitutes. One demonstrated an increase in milk production (Kinal et al., 2005) , whereas the other detected no difference between treatments (Toni et al., 2007) .
It is possible that supplementation of organic trace minerals requires a certain amount of time before the resulting biological effects are observed. Nocek et al. (2006) supplemented dairy cows with organic trace minerals for 2 lactations. There was an increase in milk production for cows fed 100% of NRC (2001) requirements with organic trace minerals compared with cows fed at the same concentration with inorganic trace minerals. The increase in milk production was greater in the second than the first lactation of treatment, and the response in the second lactation was observed earlier in the lactation than was observed in our study. However, Ballantine et al. (2002) started replacing inorganic minerals with organic complexes only 3 wk before calving and demonstrated that treating with complexed minerals increased milk production beginning in wk 1 of lactation, which indicates that as little as 3 wk is sufficient for differences between treatment groups to be observed. Interestingly, the greatest difference in milk production observed by Ballantine et al. (2002) was during wk 1 to 11 and 23 to 31 of lactation, whereas the least difference was observed during wk 12 to 22 of lactation. Although our study did not continue past wk 14 of lactation, we did not observe differences in milk production until wk 13 and 14, corresponding to the same period of lactation during which Ballantine et al. (2002) observed the smallest difference. It is also worthwhile to note that whereas milk production increased in treated cows in the current study, DMI was unaffected by treatment (Table 6; Figure 2 ). Although supplemented minerals were controlled via the use of a computerized feeder, cows were group fed during the dry period and intake of minerals present in the feedstuffs was not controlled or accounted for.
Control cows tended (P = 0.064) to produce milk with a greater protein percentage than treated cows (2.74 ± 0.06 vs. 2.84 ± 0.06), whereas protein yield did not differ between treatments (Table 6 ). Our findings do not agree with several other studies that reported no difference between treatments for milk protein percentage (Campbell et al., 1999; Ballantine et al., 2002; Griffiths et al., 2007; Siciliano-Jones et al., 2008) . Furthermore, 3 of these studies (Ballantine et al., 2002; Griffiths et al., 2007; Siciliano-Jones et al., 2008) reported that cows supplemented with organic trace minerals had greater protein yields. Nocek et al. (2006) detected no difference between treatments for milk protein percentage during the first or second lactation. Although protein yield was similar among treatments during the first lactation after initiation of treatment, which is supported by our findings, cows fed organic trace minerals during the second lactation produced more milk protein than cows fed the same concentration of trace minerals from inorganic sources. We observed that control cows significantly produced milk with a greater milk fat percentage yield (P = 0.045; 3.87 ± 0.13 vs. 4.11 ± 0.13), although no difference in milk fat yield (P > 0.1; Table 6 ) was detected. Our results do not support previous studies in that none of the mineral studies mentioned reported any difference in milk fat percentage among treatments, whereas Ballantine et al. (2002), Nocek et al. (2006) , and Griffiths et al. (2007) , demonstrated that cows fed organic trace minerals had greater milk fat yields than cows fed inorganic trace minerals. Campbell et al. (1999) , Uchida et al. (2001), and Siciliano-Jones et al. (2008) reported no difference in fat yield.
In the present experiment, milk urea N (MUN) was increased (P = 0.039) by treatment (14.8 ± 0.6 mg/dL vs. 13.7 ± 0.54 mg/dL; Table 6 ). Nitrogen in the form of urea is a major by-product of protein metabolism in ruminants, and excessive concentrations in blood or milk or both can indicate poor utilization of dietary N (Godden et al., 2001 ). Both Godden et al. (2001) and Johnson and Young (2003) demonstrated a negative relationship between MUN and milk protein percentage, as well as a positive relationship between MUN and milk yield. The results from the present study are in accord with these findings. Broderick and Clayton (1997) , however, reported a negative relationship between MUN and milk yield, and detected no relationship between MUN and milk protein percentage. Two other organic trace mineral studies in which MUN was evaluated (Nocek et al., 2006; Siciliano-Jones et al., 2008) indicated no difference between cows that were supplemented with inorganic vs. organic trace minerals, although milk yield was increased in both studies by organic trace minerals.
Tissue Mineral Content
Tissue samples were collected at approximately 14 wk after calving, and thus after the point at which dif- Table 6 . Dry matter intake and milk production (mean ± SEM) for dairy cows supplemented with Zn, Mn, Cu, and Co supplied as inorganic salts (control) Overall, there was no treatment × time interaction (P = 0.571). However, milk production tended to differ at wk 13 (control = 39.8 ± 1.3, treatment = 42.2 ± 1.3; P = 0.089) and significantly differed at wk 14 (control = 39.4 ± 1.4, treatment = 42.4 ± 1.3; P = 0.047) postcalving.
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Individual somatic cell counts (SCC; 1,000/mL) values were log (base 10) transformed before analysis to normalize data. ferences had already been observed for milk production. Interestingly, tissue mineral concentrations were similar between treatments (Table 7 ) and did not provide a possible explanation for the observed increase in milk production. Our findings agree with other researchers (Ballantine et al., 2002; Nocek et al., 2006; Griffiths et al., 2007; Siciliano-Jones et al., 2008) who analyzed trace mineral concentrations in the liver and detected few differences due to treatment. It should be noted, however, that all of these studies including the present study only analyzed total minerals present in the tissue. It is possible that minerals are stored in tissues in different, possibly more readily available forms in treated cows, thus providing an explanation for the increased milk production without a simultaneous increase in tissue concentration of minerals that were observed. The presence of vitamin B 12 also was not measured in these tissues. Vitamin B 12 is the active form of cobalt and is part of methylmalonyl Coenzyme A mutase, an enzyme essential for the conversion of propionate produced in the rumen to glucose. Analyzing tissues for vitamin B 12 rather than total Co may give a more accurate indication of the Co status of an animal (Stangl et al., 1999) .
BW, BCS, and Health Events
Treatment had no overall effect on BW (P = 0.179; Table 8 ). However, there was a tendency for treated cows to weigh less (P = 0.056) at 1 mo after calving compared with control cows (626.6 vs. 656.2 kg), and treated cows lost more (P = 0.040) BW from calving to mo 1 (94.0 vs. 73.1 kg). Treatment decreased BCS (P = 0.048; 2.89 vs. 3.02; Table 8 ); however, the only individual time point at which significance (P = 0.029) was obtained was at 2 mo after calving, with treated cows having less BCS than control cows (2.50 vs. 2.72). Why treated cows tended to lose more BW and condition than control cows at the time points indicated is unknown, particularly because, during the early stages of lactation, DMI and milk production did not differ. We further detected no differences in any health events ( Table 9 ), indicating that cows randomized to the 2 treatments were not unevenly affected by health issues.
Postpartum Ovarian Function
To our knowledge, no other study on trace minerals has intensively evaluated postcalving follicular growth patterns. We detected no differences in any of the follicular measures analyzed (Table 9) , including the proportion of anovular cows at 50 DIM, ovulation rate, days to first ovulation, and number of ovulations at the first ovulation. A study by Lamb et al. (2008) also reported no differences in follicular growth, as measured by follicle number, follicle size, and number of follicles that ovulated, in superovulated Angus heifers whether they received no, inorganic, or organic trace mineral supplementation for 23 d before embryo collection. With regard to luteal measures, we demonstrated that treated cows tended (P = 0.07; treated cows = 16.7 mm, controls = 19.1 mm; Table 9 ) to have smaller CL at 10 to 14 d after the first ovulation, though all other luteal measures analyzed did not differ between treatments (Table 9), including incidence of short cycles and luteal lifespan. Peak progesterone concentrations also did not differ between treatments indicating that, despite the tendency for smaller CL in the treated cows, circulating progesterone concentrations did not differ. 
Embryo Quality
No treatment differences (P > 0.1; Table 10 ) for embryo quality 6 d after ovulation were detected. In comparison with the vast amount of research that has been conducted with regard to semen quality, less has been performed with regard to the effect of trace minerals in females, particularly during early embryonic development. In the study by Mitchell et al. (2007) mentioned previously, embryos collected from the Co-supplemented ewes had poorer morphology, as well as decreased mean cell number, than those from untreated ewes. As Table 8 . Body weight and BCS (mean ± SEM) for dairy cows supplemented with Zn, Mn, Cu, and Co supplied as inorganic salts (control) or partially replaced with organic complexes (treatment) Health definitions: Displaced abomasum: as diagnosed by a veterinarian. Lameness: any condition, other than routine trimming, requiring the use of a trimming chute. Ketosis: ketones at minimum of trace as determined by using a urine analysis stick (DiaScreen, Hypoguard, Minneapolis, MN). Mastitis: abnormalities in milk quality or production or both with or without accompanying health issues requiring treatment. Milk fever: clinical manifestations of milk fever requiring treatment with oral or intravenous calcium administration. Retained placenta: placenta retained for ≥12 h after calving. referenced in that study, Kakar et al. (2005) demonstrated that ewes fed at one-half maintenance produced embryos with greater cell number, due to an increase in the number of trophectoderm cells.
The effect of Zn on embryo development appears mixed. Several researchers have reported that rat dams fed Zn-deficient diets produced abnormal or incompetent embryos or both as indicated by 79% of embryos falling under the abnormal classification as compared with 2% in control females (Hurley and Shrader, 1975) , decreased cell number, and abnormal or retarded development (Record et al., 1985; Peters et al., 1991) . The latter 2 studies further demonstrated that culturing embryos from Zn-deficient dams in Zn-replete media did not ameliorate the effects of dam deficiency and that culture of embryos from Zn-replete dams in Zndeficient media failed to produce the negative effects on development as seen in embryos from Zn-deficient animals (Record et al., 1985) . Thus, it appears that Zn is necessary for maturation of oocytes and development of embryos and that these effects appear to continue even after embryos are provided with conditions of zinc sufficiency.
Copper also seems to play an important role in oocyte maturation and embryo development. Gao et al. (2007) analyzed follicular fluid from different size categories of follicles for concentrations of Cu and determined that the smallest (<3 mm), small (3 to 7 mm), medium (7 to 10 mm), and large (>10 mm) follicles had Cu concentrations of 0.68, 0.46, 0.27, and 0.093 mg/L, respectively. Gao et al. (2007) then demonstrated that supplementation of Cu-free maturation, fertilization, and culture media with 0.46 or 0.68 mg/L of Cu increased the percentage of embryos reaching the 8-cell stage, as well as rate of morula and blastocyst formation and decreased apoptosis.
The lack of effect of organic minerals in our study could be due to adequate amounts of inorganic minerals present in the control cows to provide the dam with sufficient tissue mineral concentrations for early embryo development. This is consistent with the lack of detectable differences between treated and control cows in concentrations of these trace minerals in liver or in the 2 reproductive tissues that were evaluated in this study. It seems possible that mineral availability provided to the dam may have a greater impact on later embryo and fetal development rather than early development and this could be important for improvements in reproduction observed by Ballantine et al. (2002) .
Heat Stress and Embryo Quality
Cows with rectal temperatures equal to or greater than 39°C (heat stress) as compared with cows with rectal temperature less than 39°C (thermoneutral) at the time of breeding had decreased (P < 0.001, heat stress = 36.8%, thermoneutral = 81.5%; Table 11 ) fertilization rates. This is in accord with a study performed by Organic trace minerals and reproduction Sartori et al. (2002) , which reported that lactating cows had decreased fertilization rates during the summer months, when body temperatures were greater than during the winter months. Another study (Sugiyama et al., 2007) demonstrated that increased temperature during in vitro fertilization reduced fertilization rates as determined by zygote cleavage. Thus, it is reasonable to hypothesize that an increase in body temperature will expose the oocyte within the follicle to an elevated temperature, producing an altered oocyte that is not fertilized with the same efficiency as an oocyte that is not exposed to elevated temperatures. However, Payton et al. (2004) did not observe differences in fertilization rates as determined by sperm penetration and pronuclear formation between bovine oocytes subjected to increased temperature during culture and those that were not. These apparently opposing results could be explained by the possibility that heat stress does not affect fertilization directly, but rather the subsequent cleavage, a common determinant of fertilization. In previous studies, increased temperature also reduced embryo development as indicated by decreased development of embryos to the 4-cell stage (Sugiyama et al., 2007) , the 8-to 16-cell stage (Payton et al., 2004; Sugiyama et al., 2007) , and to the blastocyst stage (Payton et al., 2004; Edwards et al., 2005; Sugiyama et al., 2007) . In contrast, temperature did not affect (P > 0.1; Table 11 ) any analyzed measures of embryo development, including embryo stage and quality in our study. Thus, our results indicate an effect of temperature on fertilization as determined by cleavage rates, but did not indicate an effect of temperature on early embryo development.
Conclusions
It is important to remember that cows in this study were only treated for approximately 5 mo, with the first embryo flushing occurring as early as 4 mo after the initiation of treatment. It seems possible that organic trace mineral feeding may require a greater length of time before biological effects can be observed. The delay in milk production response seems to support this premise. It should also be noted that, although treated cows were fed a trace mineral source that is more biologically available (Henry et al., 1992; Wedekind et al., 1992; Guo et al., 2001) , control cows were still supplemented with trace minerals to meet NRC (2001) requirements, indicating that these cows were not deficient, at least according to current knowledge. It is also likely that, for traits such as follicular growth and embryo development, many more factors have a role in these processes than simply trace mineral status of the animal, and that these processes cannot be improved by increasing trace mineral concentrations above a certain physiological optimum. Additionally, this study utilized estrous synchronization to prepare animals for AI and subsequent flushing; it is possible that, had cows been permitted to ovulate without the use of exogenous hormones, treatment may have had a much greater impact on ovarian dynamics and potentially embryo measures.
Nevertheless, results from this study and other studies indicate that trace mineral source can have a positive effect on milk production. No differences in mineral status of the liver, the major organ of energy metabolism, were detected. This highlights the need for future examination of minerals in other tissues or biological sites to explain the differences that have been reported in milk production during organic mineral supplementation. Biopsies of the mammary gland itself were not taken to determine trace mineral concentration in this tissue; it may be that trace mineral source plays a significant role in mammary function directly.
Our overall hypothesis was that replacing a portion of supplemented inorganic Zn, Mn, Cu, and Co with organic forms of these minerals would increase milk production and improve reproduction as determined by an earlier postpartum return to cyclicity, increased circulating progesterone concentrations, and improved embryo quality. Replacing a portion of inorganic Zn, Mn, Cu, and Co with organic forms of these trace minerals at dry-off at dietary concentrations of 75, 65, 15, and 2.1 mg/kg, respectively, for the dry period and 75, 65, 15, and 1.1 mg/kg, respectively, during lactation increased milk production later in lactation, but had no detectable effect on early postcalving follicular dynamics or embryo quality at 6 d postovulation. We therefore accept our hypothesis with regards to milk production but reject our hypothesis for the reproductive traits that we analyzed.
